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We demonstrate the storage and manipulation of narrowband heralded single photons from a
cavity-enhanced spontaneous parametric downconversion (SPDC) source in the atomic quantum
memory based on electromagnetically induced transparency. We show that nonclassical correlations
are preserved between the heralding and the retrieved photons after storage process. By varying the
intensity of the coupling field during retrieval process, we further demonstrate that the waveform
or bandwidth of the single photons can be manipulated and the nonclassical correlation between
the photon pairs can be even enhanced. Unlike previous works, our SPDC source is single mode in
frequency, which not only reduces the experimental complexity arising from external filtering but
also increases the useful photon generation rate. Our results can be scaled up with ease and thus lay
the foundation for future realization of large-scale applications in quantum information processing.
Quantum memories are devices that can store and
retrieve photonic quantum states on demand[1]. The
ability of quantum memories to synchronize probabilis-
tic events makes them a key component in quantum
repeaters for long-distance quantum communication[2],
linear-optics-based quantum computation[3] and enhanc-
ing the multiphoton generation rate[4]. Over the past
two decades, intensive efforts and significant progress
have been made in the development of high-performance
quantum memory[5]. While many of these works used
the weak coherent laser pulses, some recent experiments
have demonstrated the quantum storage of true single
photons[6–13]. For the realization of quantum memo-
ries and their applications, single photons with suitable
properties for storage are crucial. Single photons can be
produced on demand by single atoms inside a cavity[14–
16] or in a heralded way through spontaneous Raman
transitions[17] or spontaneous four-wave mixing[18–21]
in atomic ensembles. One advantage of the single pho-
tons generated from atoms is that their frequencies are
right on the atomic transition and their bandwidths can
easily be narrower than the linewidth of the atomic tran-
sition, allowing efficient interaction between photons and
atoms. However, the disadvantage of such single-photon
sources is the relatively complicated setup, which is cum-
bersome to scale up for large-scale experiments.
Photon pairs generated from SPDC process with non-
linear crystals are widely used in quantum information
processing. Heralded single photons can be produced
from such photon pairs in which the detection of one
(idler) photon heralds the production of its twin (signal
photon). Applications of SPDC-based heralded single-
photon storage to quantum repeaters[22] or to enhance
the multiphoton rate[4] have been proposed. To re-
duce the broad bandwidth (typically hundreds of GHz)
∗ chenyc@pub.iams.sinica.edu.tw
for single photons generated by SPDC, cavity-enhanced
SPDC has been developed to generate photon pairs with
a bandwidth of the MHz level[23–28, 31]. The storage
of such heralded single photons in quantum memories
based on atomic ensembles[6, 8] and rare-earth-doped
crystals have been demonstrated[7, 10]. However, the
photon sources used in all of these works were multi-
mode in frequency. External etalon filters stabilized to
the atomic transition frequency are needed to filter out
the unwanted frequency modes. This not only compli-
cates the experimental setup but also reduces the useful
photon generation rate. In a recent work[31], we devel-
oped a narrowband, single-mode photon-pair source by
cavity-enhanced SPDC. Based on this, we demonstrate
the quantum storage and manipulation of heralded sin-
gle photons in atomic quantum memories based on elec-
tromagnetically induced transparency (EIT) with cold
atoms. Nonclassical correlation between the heralding
and retrieved photons is demonstrated. By varying the
coupling field intensity during retrieval, the single-photon
waveform or bandwidth can be manipulated and the non-
classical feature can be even enhanced. We have obtained
a retrieval efficiency of up to 36%, which is currently lim-
ited by the bandwidth of the single photons, the optical
depth of the medium, and the coupling-field-induced de-
coherence due to the off-resonant excitation[32]. Future
improvements of the storage efficiency are possible[32].
Our demonstration of quantum storage and manipula-
tion of heralded single photons from a compact cavity-
SPDC source can be scaled up with ease and thus lays the
foundation for future realization of large-scale protocols
in quantum information science.
The experimental setup is shown in Fig.1(a). It is com-
posed of a photon source and a cold atom system. In the
photon source, nondegenerate narrowband photon pairs
are generated through cavity-enhanced SPDC. We briefly
mention essential points here and more details are shown
in[30, 31]. The pump beam is from an external cavity
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FIG. 1. (a) The experimental setup comprises two parts:
the cavity-enhanced SPDC photon pair source and the cold
atomic quantum memory based on EIT. L, lens; QWP, quar-
ter wave plate; BS, beam splitter; PBS, polarizing beam split-
ter; LPF, long pass filter; DM, dichroic mirror. (b) Relevant
energy levels of 133Cs atom and laser excitations. (c) Timing
sequences of the experiment. The storage process is com-
pleted by switching the coupling beam off and on upon trig-
gering from the idler photons.
diode laser with a wavelength of 407 nm. After passing
through a focusing lens L1, it pumps the type-II peri-
odically poled KTiOPO4 (PPKTP) crystal. The idler
photons, with a wavelength of ∼ 780 nm, acts as trigger
to herald the generation of signal photons. The wave-
length of the signal photons is locked to the cesium D2-
line transition of |6S1/2, F = 3〉 → |6P3/2, F = 4〉. The
bandwidth of the photon pairs is ∼ 6 MHz, comparable
to the natural-linewidth of cesium D2-line of 5.23MHz.
The clustering effect of type II phase matching and the
double-pass pumping results in single-longitudinal-mode
operation of the photon pairs[25, 31, 36]. Therefore, there
is no need for an external filter to filter out the unwanted
frequency mode. The idler photons are coupled into a
0.5m single-mode fiber and then detected by single pho-
ton counting modules (SPCMi). The signal photons pass
through a 150m long polarization-maintaining fiber to
reach the quantum memory laboratory.
Our atomic quantum memory is based on a magneto-
optical trap (MOT) of cesium[33]. We typically trap
∼ 4 × 108 cold atoms with a temperature of 180 µK.
To increase the optical depth of the atomic ensemble, we
employ a temporally dark MOT and the Zeeman-state
optical pumping[41]. The optical depth of the atomic
clouds is around 55±10. A coupling beam drives the tran-
sition of |6S1/2, F = 4〉 → |6P3/2, F = 4〉 and intersects
with the signal photons at an angle of ∼ 4◦. As shown
in Fig.1(b), the coupling and signal transitions form a Λ-
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FIG. 2. (a) Biphoton wavefunction right after the photon
source (red) and in the quantum memory laboratory (orange).
The pump power is 0.14 mW. The ∼800 ns delay time in these
two cases is due to the propagation delay in a 150 m fiber, an
etalon filter and a ∼ 6 m free space path. (b) The normalized
cross-correlation function versus the pump power right after
the photon source (red squares) and in the quantum mem-
ory laboratory (yellow circles). The dashed line represent the
classical limit of 2.
type EIT system, which serves as a memory platform for
the signal photons. By switching off the coupling field,
the quantum state of the signal photons can be written
into the collective ground-state coherence of the atomic
ensembles[34]. Moreover, this EIT-memory provides an
avenue for manipulation of the stored signal photons by
configuring the retrieval process[42, 44, 45].
Before employing the heralded single photons for stor-
age, we first characterize the properties of the pho-
ton pairs by measuring the Glauber correlation function
(or biphoton wavefunction) G
(2)
s,i (τ), which is defined by〈
aˆ†i (t+ τ)aˆ
†
s(t)aˆ
†
s(t)aˆi(t+ τ)
〉
, where τ is the time delay
between the arrival of the signal and idler photons at the
detector. The biphoton wavefunction G
(2)
s,i (τ) expresses
the time correlation between the signal and idler photons.
By analyzing the full width at half maximum (FWHM) of
G
(2)
s,i (τ), the correlation time Tc and the bandwidth of the
photon pairs can be determined[36]. Furthermore, the
normalized cross-correlation function g
(2)
s,i = ps,i/(pspi)
which quantifies the nonclassical feature of the photon
pairs can be determined by normalizing G
(2)
s,i (τ)[30]. The
parameter ps,i is the probability of the coincidental de-
tection of signal and idler photons and ps(pi) is the prob-
ability of the detection of signal (idler) photons.
We measure G
(2)
s,i (τ) with idler photons just out of the
source and with signal photons passing through a 150m
long fiber to the quantum memory setup without loading
the atoms. The travelling of the signal photons through
the long fiber induces a delay time of ∼ 800ns, which al-
lows for a grace time window to compensate for the finite
switching time of the function generator used to control
the intensity of the coupling field through an acousto-
optic modulator (AOM). The long fiber and other op-
tical elements also induce an attenuation of the signal
photons. The overall transmission efficiency of the sig-
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FIG. 3. Biphoton wavefunction for various coupling powers
in the retrieval process. In case (a), the coupling beam is con-
tinuous on with a power of Pw =16 mW. This is the slow light
case without storage. In all other cases, the signal photons are
stored for 100 ns and retrieved with a different reading power
for the coupling field. The power ratio between the reading
to writing coupling field ξr/w are also shown in the figure.
The black dashed lines indicate the results of the theoretical
simulation.
nal photons in the quantum memory laboratory, with-
out loading atoms, is around 25%[30]. In order to oper-
ate the photon source at optimum conditions, the g
(2)
s,i is
measured for various pump powers, as shown in Fig.2(b).
The maximum g
(2)
s,i appears at a pump power of 0.14 mW
with values of ≈ 84 and ≈ 47 right after the photon
source and in the quantum memory laboratory, respec-
tively. The values are all above the nonclassical bound of
g
(2)
s,i = 2[37]. The corresponding detection rate at those
two places are 1.10 and 0.24 kHz, respectively.
After characterizing the photon pairs, we then facil-
itate the storage of heralded single photons by loading
of the cold atoms. Fig.1(c) depicts the timing sequence
used in the experiment. Our cold atomic ensembles pro-
vide the EIT-memory with a repetition rate of 8 Hz. In
each cycle, AOM1 is on for 20 µs to release the signal
photons 83 µs after turning off the MOT. In order to
make sure that almost all of the biphoton wavefunction
can be compressed into the EIT-memory, we first check
whether the group delay time of the classical signal pulse
is long enough[32]. The pump power of the photon source
is raised up such that the signal output is in optical
parametric oscillator (OPO) lasing mode and becomes
a classical pulse of square waveform. This allows us to
conveniently adjust the locking frequency of the signal
photons to EIT resonance. We choose a writing power
Pw of 16 mW for the coupling beam such that the ra-
tio of group delay time (Td) of the signal pulse to the
biphoton coherence time (Tc ∼ 25ns) is ∼ 3[32]. Once
this is done, the photon source is set back to the photon
pair mode by reducing the pump power. At each trig-
gering of the idler photons, the coupling beam is turned
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FIG. 4. (a) The storage efficiency versus the read to write
(R/W) coupling power ratio ξr/w. The solid line is an expo-
nential fitting of the data. The dashed line represents the effi-
ciency of the slow light case. (b) The bandwidth of the bipho-
ton wavefunction versus ξr/w. As ξr/w increases, the band-
width of the biphoton wavefunction increases. This demon-
strates the manipulation of the heralded single photons. The
solid line is a fitting curve with a relation of 2.12
√
ξr/w. The
red dash dotted (gray dashed) line represents the bandwidth
of the biphoton wavefunction for the slowed (input) photons.
off to store the signal photons. After a storage time of
100 ns, the coupling beam is turned on again to read out
the signal photons. One representative example is shown
in Fig.3(c). In this case, the reading power (Pr) of the
coupling beam is equal to the writing power (Pw = Pr).
The storage efficiency is ∼36%, lower than the slow light
efficiency of 52%. The efficiency reduction is mainly due
to the leakage of the front and real tails of the pulse.
Due to the limited optical depth and thus the limited
delay-bandwidth product[32, 38], the probe waveform is
unavoidable to broaden significantly if one keeps a large
enough group delay in order to compress the major part
of the pulse into the medium[32].
There is a noticeable stretching of the biphoton wave-
function in the time domain, for both the slowed and the
retrieved signal waveform with Pr = Pw, due to finite
EIT-bandwidth. Effectively, the EIT medium narrows
the spectral bandwidth of the heralded single photons
and acts as a narrowband frequency filter. We estimate
the bandwidth of the slow light to be 1.8 MHz by eval-
uating the reciprocal of the FWHM of G
(2)
s,i (τ). This
bandwidth is much narrower than that of the input pho-
tons (6.2 MHz). In the case of the retrieved signal pulse
with Pr/Pw = 1, the determined bandwidth is 2.3 MHz.
The slight bigger bandwidth compared to the slow light
case is due to the leakage of the pulse tails.
In[30], we quantitatively discuss the evolution of the
biphoton wavefunction G
(2)
s,i (τ) after passing through an
EIT memory based on the Heisenberg-Langevin equa-
tion. The physical meaning of the result is clear if the
problem is analyzed in the frequency domain. The con-
clusion is that G
(2)
s,i (τ) is just its initial frequency compo-
nent times the EIT medium response function and trans-
formed back to the time domain. There are two addi-
tional terms contributing to the background of G
(2)
s,i (τ)
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FIG. 5. Manipulation of non-classical correlation of the re-
trieved photons. The red squares represent the g
(2)
s,i (τd) of the
retrieval photons with different R/W power ratios. The red
solid line shows the theoretical fit based on Eqs.1 with the
parameters γs ∼ 0.055, α = 0.43 and Nb = 2.8. The red
dashed line is the cross-correlation of the slow light case. The
gray dashed line depicts the classical limit of g
(2)
s,i = 2.
in the theory. One is due to the accidental measurement
of the photon pairs. The other is due to the spontaneous
decay, which is negligible at the strong coupling limit.
In addition, technical factors such as coupling leakage,
stray light leakage and the dark count of the single pho-
ton counter may also contribute to the background of
G
(2)
s,i (τ). Equivalently, G
(2)
s,i (τ) can be calculated by solv-
ing the Maxwell-Bloch equations with its initial temporal
waveform as the input. The black dashed lines in Fig.3
indicate the numerical calculations to model the data ob-
tained by this way. From numerical fit to the slow light
data in Fig.3(a), we estimate an overall ground-state de-
coherence rate γd of (0.065 ± 0.01)Γ. Multiple factors
may contribute to the ground-state decoherence, includ-
ing the residual Doppler broadening[39, 40], inhomoge-
neous stray magnetic field, finite mutual laser coherence
between the signal and coupling fields, and coupling-
intensity-dependent decoherence due to off-resonant ex-
citation to the nearby cycling transition[32].
EIT-memories have been used to manipulate the tem-
poral width and other properties of classical signal pulses
by varying the coupling parameters during the retrieval
process[42, 44, 45]. These ideas can be extend to the
quantum regime to manipulate the biphoton wavefunc-
tion G
(2)
s,i (τ). In this work, we vary the coupling reading
powers Pr to manipulate the retrieved biphoton wave-
form. The reading to writing coupling power ratio is
denoted as ξr/w = Pr/Pw. In an ideal EIT memory,
the retrieval efficiency is only determined by the writ-
ing process, independent of the reading power of the
coupling[43]. By choosing ξr/w > 1, the retrieved G
(2)
s,i (τ)
can be compressed and the peak value of G
(2)
s,i (τ) can be
enhanced.
We utilize a series of Pr to retrieve the heralded sin-
gle photons, as shown in Fig.3. By increasing Pr (Fig.3
(c)∼(g)), the biphoton wavefunctions are compressed due
to the increase of group velocities during the reading
phase. An opposite case with ξr/w < 1 is shown in
Fig.3(b), in which G
(2)
s,i broadens. In Fig.4(b), we demon-
strate the bandwidth control of the heralded single pho-
tons based on the data of Fig.3. The corresponding stor-
age efficiencies are shown in Fig.4(a), indicating an ex-
ponential decay relation versus ξr/w but not a constant
relation as expected in an ideal EIT system[43]. This is
due to the off-resonant excitation of the coupling field
to the nearby excited state (e.g. 6P3/2, F = 5 state),
which induces a multiphoton decay channel and thus
a coupling-intensity-dependent ground-state decoherence
rate[32]. If the EIT memory is operated in cesium D1
line, this problem will be significantly reduced[32]. The
storage efficiency versus ξr/w of Fig.4(a) can be modeled
as e−γsξr/w [32], where γs is 0.055 as determined by ex-
ponential fitting of the data. Theoretically, γs is related
to the optical depth, Rabi frequency of the coupling and
the coupling detuning with respect to the 6P3/2, F = 5
state[32]. By plugging in these parameters, we check
that the calculated value is consistent with the fitted pa-
rameter to within 10%. The observed bandwidth of the
retrieved photons is proportional to
√
ξr/w, instead of
ξr/w[29]. This trend is understandable and is explained
below. There is a gradual shift in the transparent band-
width of an EIT system versus the coupling intensity
from a linear to a square root relation as it increases[30].
The bandwidth of our photon pairs is relatively wide such
that we operate the coupling in the high intensity regime,
which explains the
√
ξr/w trend for the bandwidth of the
retrieved photons.
We next address the cross-correlation measurement of
the photon pairs, g
(2)
s,i . For the slowed and retrieved cases
with ξr/w between 0.72 and 8.7, the peak g
(2)
s,i are all
larger than the nonclassical threshold value of 2[37], as
shown in Fig.5. Therefore, the nonclassical nature of the
photon pairs is preserved in the EIT-memories. Never-
theless, these values of g
(2)
s,i are significantly lower than
that of the input photons, which is 47. The effects that
cause the efficiency reduction also cause a reduction of
the g
(2)
s,i . One important technical factor that leads to
a reduction of g
(2)
s,i is the leakage of the coupling beam
into the single photon counter. To minimize this leak-
age, we introduce an angle of 40 between the coupling
and probe beam and use four irises along the signal beam
path, as well as one etalon filter before the detector[30].
The overall extinction ratio of the coupling beam is 129
dB. Increasing the storage efficiency of the memory, mini-
mizing the technical losses of all optical components, and
increasing the extinction ratio of the filtering of coupling
beam will enhance the nonclassical feature.
As the coupling power during retrieval increases, the
peak g
(2)
s,i (τ) first increases, until reaching a maximum
and then decreases. The maximum g
(2)
s,i (τ)of ∼ 7.5 ap-
pears at ξr/w ∼ 3.5, which is greater than 5.8 for the
case of ξr/w = 1. This demonstrates that the nonclas-
sical feature of the photon pairs can be enhanced by
5manipulating the coupling power during retrieval. The
enhancement ratio depends on multiple factors. As dis-
cussed previously, it should scale as
√
ξr/w at the high
coupling intensity regime. Due to the coupling-intensity-
dependent decoherence rate, there is an additional fac-
tor e−γsξr/w . The accidental photons from the photon
source and the dark count of the detector contribute to
the background of the coincidence count (denoted as Nb
for a given integration time) and thus the degradation of
g
(2)
s,i (τ). The leakage of photons from the coupling beam
into the detector also contributes to the background co-
incidence count. This leakage rate is proportional to the
coupling power and we denote it to be a proportional
constant α times ξr/w. Based on these discussions, we
write down the relation for the peak g
(2)
s,i (τ) versus ξr/w
as follows,
g
(2)
s,i (τd) =
Ns,i
√
ξr/we
−γsξr/w
αξr/w +Nb
, (1)
where Ns,i (Nb) denotes the coincidence (background)
count within a given integration time and τd denotes the
group delay time at which g
(2)
s,i reaches its peak value. As
shown in Fig.5, the fit curve based on this relation is in
good agreement with the experimental data.
In summary, we demonstrate the quantum storage and
manipulation of heralded single photons generated from a
single-mode cavity-SPDC setup. The bandwidth and the
nonclassical correlation of the photon pairs can be ma-
nipulated by varying the coupling intensity during the
retrieval process. Despite some imperfect effects, the
nonclassical correlation of the retrieved photons can be
enhanced and even surpass that of the slow light case.
Significant improvement is possible for operation of the
photon source and EIT memory in the D1 transition[32].
Our experimental interface between a single-mode cavity-
SPDC photon source and atomic quantum memories lays
the foundation for the realization of important quantum
information protocol, such as quantum repeaters and en-
hancing the multiphoton generation rate.
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I. EXPERIMENTAL SETUP
A. Preparation of EIT-based quantum memory
In the quantum memory laboratory, two techniques are used to increase the optical depth of the cold atomic
media. First, we utilize the temporal dark MOT to increase the atom density, in which the power of the MOT
repumping beam is reduced from 12 mW to 1 mW for 5 ms to shelve most of the population into the dark hyperfine
ground state,
∣∣6S1/2, F = 3〉. Second, a Zeeman pumping beam driving the ∣∣6S1/2, F = 3〉 → ∣∣6P3/2, F = 2〉 σ+-
transition is used to pump most of the population into the rightmost Zeeman state in which the σ+ signal transition
has the largest transition dipole moment. The Zeeman pumping beam is turned on for 63µs with an intensity
of 13.8 mW/cm2. To measure the optical depth, we use a coupling beam and a weak signal beam to drive the∣∣6S1/2, F = 4〉 → ∣∣6P3/2, F = 4〉 and ∣∣6S1/2, F = 3〉 → ∣∣6P3/2, F = 4〉 transitions, respectively. By scanning the
frequency of the signal beam, we can measure the transmission spectrum and determine the optical depth of the EIT
medium by spectral fitting. Typical optical depths in the experiment are about 55± 10.
B. Operation of the photon-pair source
The pump power of our cavity-enhanced SPDC photon-pair source alternates between a high power (∼40 mW) and
a low power phase (0.1∼0.6 mW) at a repetition rate of 6.7 kHz, controlled by an AOM. In the high power phase,
7the output of the source is in lasing mode (also called the optical parametric oscillator, OPO). In the low power
phase, the output is in photon pair mode. We use the OPO output light to lock the cavity into the double-resonant
condition. Due to the unbalanced reflectivity of the two cavity end mirrors, about 60% (40%) of the OPO power is
reflected back (is transmitted through) the cavity (Fig.1(a) of the main text). After splitting the signal (852nm) and
idler (780 nm) components in the transmitted OPO light with a polarizing beam splitter (PBS), the idler light is
detected by a photodetector which acts as a power monitor for the OPO light. After the PBS, the transmitted signal
light is further split into two parts by a 50/50 beam splitter. One part of the light is detected by a photodetector and
the output is used to obtain a demodulated error signal to lock the cavity to resonance through the piezo attached
to the cavity output coupler. Another part of the signal light interferes with a reference laser which is locked to the
cesium D2-line |6S1/2, F = 3〉 → |6P3/2, F = 4〉. With this beatnote, we lock the frequency of the signal light at the
desired atomic transition using the simple offset frequency locking scheme [4]. During the photon pair output phase,
the photon pairs emitted in the backward direction from the cavity are picked up by a dichroic mirror, diffracted by
AOM1, and split apart by a PBS. The idler photons are detected by a single photon counter SPCMi and the signal
photons are coupled into a long fiber and directed to the quantum memory laboratory.
C. Filtering setup and collection efficiency
It is crucial to filter out the coupling beam and other unwanted stray light during the single-photon storage
experiment. Multiple techniques are used to minimize the background photons including the introduction of a 40
angle between the coupling and signal beams and blocking the coupling beam by a beam trap. After passing through
the MOT cell, the signal beam propagates along a long beam path (∼6 m) with four irises to further block the coupling
light. The signal beam then passes through a bandpass filter (Sermock LL01-852-12.5) and an etalon filter (Quantaser
FPE001). After coupling into a single-mode fiber, the signal beam is then detected by the single-photon counter.
The overall extinction ratio for the coupling beam is 129.1 dB. The overall collection efficiency of the signal light is
25.0%, which is defined as the power ratio between that on the single-photon counter and the output after passing
through the 150m fiber. Details of the transmission efficiency for the components along the beam path include 76%
for a polarizer, 89.4% for some lenses and the MOT cell, 51.0% for the etalon, 90% for the bandpass filter and 80%
for the coupling of the single-mode fiber.
D. Measurement of the coincidence count and cross-correlation function
A digital oscilloscope (Rohde & Schwarz RTO-1014) was used for the coincidence measurement and collection of
data statistics. As mentioned in the main text, a 150m long fiber was used to induce a ∼ 800 ns propagation delay
for the signal photons. We chose a total detection time window of 500 ns, starting at 700 ns, after being triggered by
the idler photons. The coincidence histograms are shown in Fig. 3 of the main text. This is a 100-bin histogram with
a 5 ns time resolution. To measure g
(2)
s,i (τd) which is evaluated by ps,i/(pspi), we observe the number of coincidences
Ns,i(τd) at the peak of the biphoton wavefunction (with a delay time τd ). The uncorrelated coincidence count Ns
is determined by estimating the coincidence count far away from the biphoton wavefunction. Since the conditional
measurement is already normalized by pi, the cross-correlation function can be evaluated by
g
(2)
s,i (τd) =
Ns,i(τd)
〈Ns〉 , (2)
where 〈Ns〉 denotes the average of the uncorrelated coincidence counts. The coincidence histogram in Fig. 3 of the
main text is a statistics of 30000 idler trigger events. With the 8 Hz repetition rate of the experiment, the actual time
for data collection is around 1.5 hours.
II. THEORETICAL BACKGROUND
A. Theoretical background of EIT-quantum memory
In this section, we consider the full quantum theory of a quantized signal field propagating through an EIT-quantum
memory (QM). As shown in Fig.1(b) of the main text, the EIT-QM is constituted of a three-level atomic system that
contains two ground states of |F = 3(4)〉 = |g(s)〉 and one excited state |F ′ = 4〉 = |e〉. The atomic population is
prepared at |g〉 initially. A strong, classical light couples the |s〉 ↔ |e〉 transition with a Rabi frequency of Ωc. A
8quantized signal field aˆs(z, t) is on resonance with the |g〉 ↔ |e〉 transition. The equation of motion for the atomic
system is given by the Heisenberg-Langevin equations,
∂
∂t
σˆge(z, t) =
i
2
Ωcσˆgs(z, t) +
i
2
gsaˆs(z, t) +
(
iδge − Γ
2
)
σˆge(z, t) + Fˆge, (3)
∂
∂t
σˆgs(z, t) =
i
2
Ω∗c σˆgs(z, t) +
(
iδgs − γgs
2
)
σˆgs + Fˆgs, (4)
where δge and δgs denote the one- and two-photon detuning of the signal field, σˆij is the slowly varying atomic
coherence operator, Fˆij is the Langevin noise operator, gs is the coupling constant for atom-field interaction, Γ is the
spontaneous decay rate from |e〉 to ground states and γgs is the decoherence rate between |g〉 and |s〉. The equation
of motion for the signal field propagating in the atomic medium is described by the Maxwell-Schrodinger equation of(
1
c
∂
∂t
+
∂
∂z
)
aˆs(z, t) =
igsN
c
σˆge, (5)
where N is the atom number and c is the speed of light in a vacuum. To solve the problem, we first Fourier transform
Eq.3-5 to the frequency domain. By solving the coupled equations of Eqs.3-4, the atomic coherence can be obtained
as follows,
σˆge(ω) =
igs
2
dgs
D(ω)
aˆs + fˆ(ω), (6)
where D(ω) = dgedgs + |Ωc/2|2, dij = γij/2− i(ω + δij). And fˆ(ω) = (iΩcFˆgs + dgsFˆge)/D(ω). By substituting Eq.6
into Eq.5, the field equation become
∂
∂z
aˆs − iω
c
aˆs = −g
2
sN
2c
dgs
D(ω)
aˆs +
igsN
c
fˆ(ω), (7)
and
aˆs(z, ω) =aˆs(0, ω)e
−Λ(ω)z + δaˆs(z, ω),
δaˆs(z, ω) =
∫ z
0
igsN
c
fˆ(ω)eΛ(ω)(z
′−z)dz,
(8)
where Λ(ω) = − iωc + g
2
sNdgs
2cD(ω) . Eq.8 shows the evolution of the signal field after interacting with the EIT medium in
the frequency domain, which contains two terms. The first term is just the input signal field multiplied by the EIT-
medium frequency response. This term represents the transmissive and dispersive proprieties of the signal field during
its propagation in an EIT medium. The second term δaˆs(z, ω) in the field solution describes the field fluctuations from
the atomic system. The field fluctuations can be neglected under the strong coupling condition since the δaˆs(z, ω) is
contributed by the atomic population in the excited state[2, 3].
Eq.8 provides the solution depicting the interaction between the field and EIT-QM. By selecting an initial quantum
field of aˆs(0, ω), we can simulate the output fields from the EIT QM. In our case, the signal field is the single photon
generated by the cavity-enhanced SPDC. In the next section, we write down the field solution for the cavity-SPDC
to evaluate the interaction between the SPDC-field and EIT QM.
B. Biphoton wavefunction in an EIT medium
For a cavity-enhanced SPDC under single-mode operation, the signal and idler output fields are given by[1]
aˆouts (ω) = As(ω)aˆ
in
s (ω) +Bs(ω)aˆ
in†
i (−ωi),
aˆout†i (−ωi) = Bi(ω)aˆins (ω) +Ai(ω)aˆin†i (−ωi),
(9)
where aˆ(ω) = 12pi
∫
aˆ(t)exp(iωt)dt is the Fourier transform of the field operator from the time to the frequency domain,
and ωi = ωpump − ω. The coefficients in Eq.9 are
9As,i(ω) =
γs,i − Γs,i/2 + i(ω,i − Ωq,r)
Γs,i/2− i(ω,i − Ωs,r) ,
Bs,i(ω) =
∓iκ√γsγi
[Γs/2− i(ω − Ωq)][Γi/2 + i(ωi − Ωr)] ,
(10)
where Ωq,r is the frequency of the cavity mode of the signal and idler field[1]. For the double resonance condition of
the cavity, we have a relation of Ωq + Ωr = ωpump and thus ωi − Ωr = Ωq − ω.
In the experiment the signal photons are sent into the EIT medium. The field operator of the input signal field
aˆs(0, ω) in Eq.8 can be replaced by the signal field operator out of the photon source, i.e. aˆ
out
s (ω). By replacing
aˆs(0, ω) with aˆ
out
s (ω) and combine Eq.9, we obtain the signal field operator in the EIT medium as follows,
aˆEITs (z, ω) = αs(z, ω)aˆ
in
s (ω) + βs(z, ω)aˆ
in†
i (−ωi), (11)
where αs(z, ω) = As(ω)e
−Λ(ω)z. βs(z, ω) = Bs(ω)e−Λ(ω)z. In the experiment, we measure the two-photon correlation
function which is
G
(2)
s,i (ts, ti) = 〈aˆout†i (ti)aˆout†s (ts)aˆoutp (ts)aˆouti (ti)〉, (12)
where ts,i is the time when the signal (idler) photon hits the detector. Using Eqs.9 and 11, the two-photon correlation
function for signal photons passing through the EIT medium is thus,
G
(2)
s,i (τ) =
∣∣∣∣ 12pi
∫ ∞
−∞
dωα†s(z, ω)Bi(ω)e
iωτ
∣∣∣∣2 + 〈n〉, (13)
where
〈n〉 = 1
(2pi)2
∫ ∞
−∞
dω|Bi(ω)|2×[∫ ∞
−∞
dω|βs(z, ω)|2 +
∫ ∞
−∞
∫ ∞
−∞
dωdω′〈δaˆ†s(z, ω)δaˆs(z, ω′)〉ei(ω
′−ω)ts
]
.
(14)
The second term in Eq.13 is a time-independent background quantity which contains two terms, as shown in Eq.14.
The first term is due to the accidental coincidence measurements with nearby photons, which can be suppressed
by choosing a lower pump field to avoid too many photon pairs being generated. The second term is due to the
spontaneous decay which is negligible under the strong coupling condition. Technically, the leakage of the coupling
photons, the stray light photons, and the dark count of the detector may also contribute to the background count.
The main property of the photon-atom interaction is determined by the first term of Eq.13. This term is nothing
but the Fourier transform of the frequency component of the waveform A†s(ω)Bs(ω) multiplied by the EIT medium
frequency response e−Λ(ω)z back to the time domain. To simulate the biphoton wavefunction after passing through
an EIT medium, it can be calculated in the frequency domain by Eq.13 with an initial waveform of A†s(ω)Bs(ω), or
it can be calculated using Eqs.3-5 with the input pulse of A†s(ω)Bs(ω) in the time domain.
C. Bandwidth of an EIT medium
In Supplementary Note 3, we consider the bandwidth of an EIT medium versus the coupling intensity. Considering
the semi-classical model of Eq.8, we obtain the transmission of the signal field after passing through an EIT medium
by,
T (δge) = exp {−2Re[Λ(0)]L}
= exp
[
−αΓ γgs|Ωc|
2 + (4δ2gs + γ
2
gs)Γ
(|Ωc|2 + Γγgs − 4δgeδgs)2 + (2δgeγgs + 2δgsΓ)2
]
,
(15)
where α = 2NLg2s/Γc is the optical depth. Eq.15 is the EIT-spectrum as a function of one- and two-photon detuning.
In a typical experiment, the coupling detuning is set to zero and thus δgs = δge. Fitting the EIT spectrum to Eq.15
10
allows us to determine the experimental parameters, with one representative example shown in Fig.1d. Based on
Eqs.15, we can determine the full width at half maximum (FWHM) of the EIT transparent bandwidth, which is
∆ωEIT =
√√√√(x+ y)[1− (1− y2
(x+ y)2
) 1
2
]
Γ, (16)
where x = α/(2 ln 2)−1/2 and y = |Ωc|2/Γ2. There is a lower limit for the optical depth of ln 2 such that the factor x
in Eq.16 is greater than zero. This is because the absorption depth needs to surpass 0.5 in order to possibly define the
FWHM bandwidth of the transparent window. Based on Eq.16, we can roughly divide the ∆ωEIT into two regimes
of x y and x y, depending on the intensity of the coupling field. For the case of low coupling intensity (x y),
the EIT transparent bandwidth is
∆ωEIT ≈ y√
2x
Γ =
√
ln 2
α
|Ωc|2
Γ
, (17)
which is linearly proportional to the coupling intensity and inversely proportional to
√
α. For the case of high coupling
intensity (y  x), the EIT transparent bandwidth is
∆ωEIT ≈ |Ωc|(1−
√
x
2y
) ≈ |Ωc|. (18)
Eq.18 shows that the EIT transparent bandwidth is approximately proportional to the Rabi frequency of the coupling
field in the high coupling intensity regime. This explains the
√
ξr/w scaling law for g
(2)
s,i (τd) in Eq.1 of the main text.
The dependence of the EIT bandwidth on the coupling intensity is a key point for bandwidth control in the biphoton
wavefunction.
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